The developments in design theory of plate heat exchangers, as a tool to increase heat recovery and efficiency of energy usage, are discussed. The optimal design of a multi-pass plate-and-frame heat exchanger with mixed grouping of plates is considered. The optimizing variables include the number of passes for both streams, the numbers of plates with different corrugation geometries in each pass, and the plate type and size. To estimate the value of the objective function in a space of optimizing variables the mathematical model of a plate heat exchanger is developed. To account for the multi-pass arrangement, the heat exchanger is presented as a number of plate packs with co-and counter-current directions of streams, for which the system of algebraic equations in matrix form is readily obtainable. To account for the thermal and hydraulic performance of channels between plates with different geometrical forms of corrugations, the exponents and coefficients in formulas to calculate the heat transfer coefficients and friction factors are used as model parameters. These parameters are reported for a number of industrially manufactured plates. The described approach is implemented in software for plate heat exchangers calculation.
Introduction
Efficient heat recuperation is the cornerstone in resolving the problem of efficient energy usage and consequent reduction of fuel consumption and greenhouse gas emissions. New challenges arise when integrating renewables, polygeneration and CHP units with traditional sources of heat in industry and the communal sector, as it is shown by Kleme s et al. [1] and Perry et al. [2] . There is a requirement to consider minimal temperature differences in heat exchangers of reasonable size, see Fodor et al. [3] . Such conditions can be satisfied by a plate heat exchanger (PHE). Its application not only as a separate item of equipment, but as an elements of a heat recuperation systems gives even more efficient solutions, as shown by Kapustenko et al. [4] . However, the efficient use of PHEs in complex recuperation systems and heat exchanger networks demand reliable methods for their rating and sizing. This is not only required when ordering the equipment, when proprietary software of PHE manufacturers is used, but also at the design stage by the process engineer.
Plate heat exchangers (PHEs) are one of the most efficient types of heat transfer equipment. The principles of their construction and design methods are sufficiently well described elsewhere, see e.g. Hesselgreaves [5] , Wang, Sunden and Manglik [6] , Shah and Seculi c [7] , Tovazshnyansky et al. [8] . This type of equipment is much more compact and requires much less material for heat transfer surface production, and a much smaller footprint, than conventional shell and tubes units. PHEs have a number of advantages over shell and tube heat exchangers, such as compactness, low total cost, less fouling, flexibility in changing the heat transfer surface area, accessibility, and what is very important for energy saving, a close temperature approach e down to 1 K. However, due to the differences in construction principles from conventional shell and tube heat exchangers, PHEs require substantially different methods of thermal and hydraulic design.
One of the inherent features of PHEs is their flexibility. The heat transfer surface area can be changed discretely with a step equal to heat transfer area of one plate. All major producers of PHEs manufacture a range of plates with different sizes, heat transfer surface areas and geometrical forms of corrugations. This enables the PHE to closely satisfy required heat loads and pressure losses of the hot and cold streams.
The thermal and hydraulic performance of a PHE with plates of certain size and type of corrugation can be varied in two ways: (a) by adjusting the number of passes for each of exchanging heat streams and (b) by proper selection of plate corrugation pattern. For the most common chevron-plates, it is the angle of corrugations inclination to the plate longitudinal axis. One of early attempts to find the patterns that minimize the surface area required for heat transfer was made by Focke [9] . The optimal design of a PHE by adjusting corrugation pattern on plate surface was reported by Wang and Sunden [10] . Picon-Nunez, Polley and Jantes-Jaramillo [11] presented an alternative design approach based on graphical representation, which facilitates the choice from the options calculated for the range of available plates with different geometries. They have estimated correlations for heat transfer and hydraulic resistance from available literature data. Similar estimations were also made by Mehrabian [12] , who proposed a manual method for the thermal design of plate heat exchangers. Wright and Heggs [13] have shown how the operation of a two stream PHE can be approximated after the plate rearrangement has been made, using the existing PHE performance data. Their method can help when adjusting PHE, which is already in operation, for better satisfaction to required process conditions. Kanaris, Mouza and Paras [14] have estimated parameters in correlations for Nusselt and friction factor using CFD modelling of the flow in a PHE channel of special geometry. However, their results are still a long way from practical application.
Currently for most PHEs, the effect of varying plate corrugation pattern is achieved by combining chevron-plates with different corrugation inclination angle in one PHE. The design approach and advantages of such a method were shown by Marriot [15] for a one pass counter-current arrangement of PHE channels. A one pass channel arrangement in a PHE has many advantages compared to a multi-pass one, especially in view of piping and maintenance (all connections can be made on not movable frame plate from one side of PHE). But in certain conditions the required heat transfer load and pressure drops can be satisfied more efficiently by application of multi-pass arrangement of PHE's channels.
Until the 1970s, the proper adjustment of the number of passes was the only way to satisfy the required heat load and pressure drops in PHE consisting of plates of a certain type. The multi-pass arrangement enables increased flow velocities in channels and thus to achieve higher film heat transfer coefficients if allowable pressure drop permits. But, for unsymmetrical passes, the problem of diminishing effective temperature differences has arisen. Most of the authors which have proposed design methods for PHEs have used LMTD correction factors (see e.g. Cocks [16] , Kumar [17] , Zinger, Barmina and Taraday [18] ). Initially such correction factors could be taken from handbooks on heat exchanger design. After development of methods for analysis of complicated flow arrangements (see Pignotti and Shah [19] ) it became possible to develop closed-form formulas for two-fluid recuperators. Using a matrix algorithm and the chain rule, Pignotti and Tamborenea [20] developed a computer program to solve the system of linear differential equations for the numerical calculation of the thermal effectiveness of arbitrary flow arrangements in a PHE. Kandlikar and Shah [21] analyzed different flow arrangements and proposed formulas for up to four passes. These and other similar formulas can be found in books on heat exchangers thermal design, e.g. Wang, Sunden and Manglik [6] , Shah and Seculi c [7] . The main assumptions made on deriving such formulas are (a) constant fluids properties and overall heat transfer coefficients, (b) uniformity of fluid flow distribution between the channels in same pass and (c) sufficiently large number of plates.
Because of the increase in computational power of modern computers the difference of heat transfer coefficients between passes can be accounted for in the design by solving the system of algebraic equations, as was proposed by Tovazshnyansky et al. [22] and further developed by Arsenyeva et al. [23] . The flow maldistribution between channels was investigated among others by Rao, Kumar and Das [24] , who noticed the significant effect of heat transfer coefficient variation, which was not accounted for in previous works. However, we can adhere to the conclusion made earlier by Bassiouny and Martin [25] , based on analytical study of velocity and pressure distribution in both the intake and exhaust conduits of PHE, that plate heat exchanger can be designed with equal flow distribution regardless of the number of plates. The correct design of manifolds and flow distribution zones is also very important for tackling fouling problems in PHEs, as shown by Kukulka and Devgun [26] . However the design should take account of the limitations imposed by the percentage of port and manifolds pressure drops in the total pressure losses, as well as for flow velocities. Along with flow maldistribution, Heggs and Scheidat [27] have studied end-plate effect. They concluded that critical number of plates is dependent on the required accuracy of performance, for example, 19 can be recommended for an inaccuracy of only 2.5%.
The comprehensive description of existing PHE design procedures was presented by Shah and Focke [28] and Shah and Wanniarachchi [29] . Their methods were described by Shah and Seculi c [7] as (1) quite involved (2) missing reliable data for thermal and hydraulic performance of commercial plates (3) less rigorous methods can be used as it is easy to change the number of plates if the designed PHE does not confirm to the specification. Quite recently even more sophisticated models and methodologies for PHEs were developed, as e.g. presented in paper of Georgiadis and Machieto [30] . These models account for dynamic behaviour of PHEs and distribution of local parameters. But substantial complication of numerical procedures, as also absence of reliable data for commercial plates, makes difficult their application at designing PHE for steady state conditions. The significant feature of PHE design is the fact that the required conditions of certain heat transfer process can be satisfied by a number of different plates. But it is achieved with different level of success in terms of material and cost for production. The plate, which is the best for certain process conditions, should be selected from the available set of plates according to some optimization criterion. Therefore, the design of optimal PHE, for given process conditions, should be made by selection of the best option from available alternative options of plates with different geometrical characteristics. To satisfy requirements of different process conditions any PHE manufacturer is producing not just one plate type, but the sets of different types of plates. To make a right selection we need the mathematical model of PHE to estimate performance of the different alternative options. It should be accurate enough and at the same time to have small number of parameters, which can be identified on a data available for commercial plates. This paper presents a computer aided approach for PHE thermal and hydraulic design, based on evaluation of different alternative options for available set of heat transfer plates. It consists in development of mathematical model for PHE, which accounts for possibility to use plates of different corrugation geometries in one heat exchanger, as well as adjustment of streams passes to satisfy process conditions. The generalized matrix formula to account for the influence of passes arrangement on thermal performance of PHE is proposed. The procedure for identification of model parameters using available in web information is described and as example is utilized for representative set of plates produced by a leading PHE manufacturer. The sizing of PHE is formulated as the mathematical problem of finding the minimal value for implicit nonlinear discrete/continuous objective function with inequality constraints. The solution of this problem is implemented as computer software. Two case studies for different PHE applications are presented.
Mathematical modelling of PHE
A plate-and-frame PHE consists of a set of corrugated heat transfer plates clamped together between fixed and moving frame plates and tightened by tightening bolts. The plates are equipped with the system of sealing gaskets, which also separate the streams and organizing their distribution over the inter-plate channels. In multi-pass PHE, the plates are arranged in such a way that they form groups of parallel channels. An example is shown in Fig. 1 . The temperature distribution in passes can vary and in different groups of channels both counter-current and co-current flows may occur.
The mathematical model of a PHE can be derived based on the following assumptions:
The heat transfer process is stationary; No change of phases in streams; The number of heat transfer plates is big enough not to consider the differences in heat transfer conditions for plates at the edges of passes and of total PHE; Flow misdistribution in collectors can be neglected; The streams are completely mixed in joint parts of PHE collectors.
With these assumptions PHE can be regarded as a system of one pass blocks of plates. The conditions for all channels in such block are equal. For example, an arrangement with three passes for the hot stream (X 1 ¼ 3) and two for the cold stream (X 2 ¼ 2) is shown in Fig. 2 . The heat transfer area of the block is given by F b ¼ F/(X 1 X 2 ), where F is the total heat transfer area of PHE. The change of hot stream temperature in each block is dt i , i ¼ 1,2.6.
The total number of blocks is n b ¼ X 1 X 2 and the number of heat transfer units in one block, counted for hot stream is:
Where U b e overall heat transfer coefficient in block, W/(m 2 K);
G 1 e mass flow rate of hot stream, kg/s; c 1 e specific heat of hot stream, J/(kg K). If we assume G 1 Â c 1 /X 2 < G 2 Â c 2 /X 1 , then block heat exchange effectiveness e b for counter-current flow is:
where 
In case of co-current flow:
On the other hand the heat exchange effectiveness of block i is:
where dt 1i e temperature drop in block i; Dt i e the temperature difference of streams entering block i.
The temperature change of the cold stream:
The above relations also hold true at
In that case the physical meaning of e b and NTU b are different, as
shown by Shah and Seculi c [7] . Thus these relations can be regarded as a mathematical model of a block, which describes the dependence of temperature changes from the characterizing block values of F b and U b .
For each block we can write the equation which describes the link of temperature change in this block to the temperature changes in all other blocks of the PHE. For example, let us consider the first block in Fig. 2 . The difference of temperatures for streams entering the block can be calculated by deducting the averaged temperature rise of cold stream in blocks 4, 5 and 6 from the initial temperature difference D of the streams entering the PHE:
After substituting this into the Equation (4) and rearranging we obtain:
In this way equations can be obtained for every block in the PHE. Consequently we can obtain a system of 6 linear algebraic equations with 6 unknown variables dt 1 , dt 2 , ., dt 6 .
We have built these systems of equations for the number of passes up to X 1 ¼ 7 and X 2 ¼ 6, with an overall counter-current flow arrangement. The analysis of results have shown that, for any number of passes, the system may be presented in matrix form: 
Here i e row number; j e column number. The numerical solution of this type of linear algebraic Equations system (7) can be easily performed on a PC, after which the total temperatures change in the PHE can be calculated as:
The total heat load of PHE is:
This system should be accompanied by equations for the calculation of the overall heat transfer coefficient U, W/m 2 K, as below.
where h 1 , h 2 e film heat transfer coefficients for hot and cold streams, respectively, W/m 2 K; d w e the wall thickness, m; l w e heat conductivity of the wall material, W/(m K); R f ¼ R f1 þ R f2 e the sum of fouling thermal resistances for streams, m 2 K/W.
For plate heat exchangers the film heat transfer coefficients are usually calculated by empirical correlations:
where m and m w are the dynamic viscosities at stream and at wall temperatures, respectively; the Nusselt number is:
l e heat conductivity of the respective stream, W/(m K);
d e e equivalent diameter of inter-plate channel, m.
where d e inter-plate gap, m; b e channel width, m.
The Reynolds number is given by:
where w e stream velocity in channel, m/s. The Prandtl number is given by:
where r e stream density, kg/m 3 ; c e specific heat capacity of the stream, J/(kg K). The streams velocities are calculated as:
Where g is the flow rate of the stream through one channel, kg/s; f e cross section area of inter-plate channel, m 2 .
The pressure drop in one PHE channel is given by:
where Dp pÀc ¼ 1.3 Â r Â w port 2 /2 e pressure losses in ports and collector part; L p e effective plate length, m; w port e velocity in PHE ports and collectors; z e friction factor, which is usually determined by empirical correlations of following form:
For multi-pass PHE the pressure drop in one pass is multiplied by the number of passes X.
In modern PHEs plates of one type are usually made with two different corrugation angles, which can form three different channels, when assembled in PHE, as shown in Fig. 3 .
H type plates have corrugations with larger angles (about 60 ) which form the H channels with higher intensity of heat transfer and larger hydraulic resistance. L type plates have a lower angle (about 30 ) and form the L channels which have lower heat transfer and smaller hydraulic resistance. Combined, these plates form M channels with intermediate characteristics (see Fig. 3 ). This design technique allows the thermal and hydraulic performance of a plates pack to be changed with a level of discreteness equal to one plate in a pack.
In one PHE two groups of channels are usually used. One is of higher hydraulic resistance and heat transfer (x-channel), another of lower characteristics (y-channel). When the stream is flowing through a set of these channels, the temperature changes in the different channels differ. After mixing in the collector part of the PHE block, the temperature is determined by the heat balance. The heat exchange effectiveness of the plates block with different channels is given by:
where n x and n y are the numbers of x-and y-channels in a block of plates, respectively; g x,y ¼ w x,y Â r Â f ch e the mass flow rates through one channel of type x or y. These flow rates should satisfy the equation Dp x ¼ Dp y and the material balance:
where G b e flow rate of the stream through the block of plates.
The principle of plate mixing in one heat exchanger gives the best results with symmetrical arrangement of passes (X 1 ¼ X 2 ) and G b equal to the total flow rate of the respective stream. The unsymmetrical arrangement X 1 s X 2 is usually used when all channels are the same (any of the three available types).
When the numbers of channels are determined, the numbers of plates can be calculated by:
The total heat transfer area of the PHE (with two end plates not included) is given by:
where F pl e heat transfer area of one plate, m 2 .
The above algebraic Equations (1)e (23) describe the relationship between variables which characterize a PHE and the heat transfer process contained within the PHE. These equations can be presented as a mathematical model of a PHE, and the solution allows the calculation of the pressure and temperature change of streams entering the heat exchanger. It is a problem of PHE rating (analysis) .
Optimization of PHE
The problem of PHE sizing (synthesis) requires finding characteristics such as plate type, the numbers of passes, and the number of plates with different corrugations, which will best satisfy to the required process conditions. Here the optimal design with pressure drop specification is considered, as originally described by Wang and Sunden [10] .
The most important and costly parts of plate-and-frame PHE are plates with gaskets. The plates can be made of stainless steels, titanium and other even more expensive alloys and metals. All other component parts of PHE (frame plates, bars, tightening bolts, etc.) usually are made from less expensive construction steels and have a smaller share in a cost of PHE. The plates constitute the heat transfer area of PHE and there is strong dependence between the cost of PHE and its heat transfer area. Therefore, for optimization of PHE heat transfer area F can be taken as objective function, which is also characterizing the PHE cost and the need in sophisticated materials for plates and gaskets.
For specific process conditions, when temperatures and flow rates of both streams are specified, required heat transfer surface area F PHE is determined through solution of mathematical model presented in previous chapter by Equations (1) 
It should satisfy to constraints imposed by required process conditions:
Heat load Q must be not less than required
The pressure drops of both streams must not exceed allowable:
Dp 2 Dp 0 2 (27) There are also constraints imposed by the features of PHE construction.
On a flow velocity in ports:
The share of pressure losses in ports and collector Dp pÀc in total pressure drop for both streams:
The number of plates on one frame must not exceed the maximum allowable for specific type of PHE plates n max (T pl ):
In the PHE the numbers of channels and their form for both sides must be the same, or differ only on 1 channel:
Analysis of the relations described in Equations (1)e (32) show that we have a mathematical problem of finding the minimal value for implicit nonlinear discrete/continues objective function with inequality constraints. It does not permit analytical solution without considerable simplifications, but can be readily solved on modern computers numerically. The basis of the developed algorithm is the fact that optimal solution must be situated in the vicinity of the border, by which constraints on the pressure drop in PHE are limiting the space of possible solutions. Usually in one PHE three possible types of channel can be used. For limiting flow rates of i-th stream in one channel of the j-type from constraints on pressure drop (26) and (27) , using Equations (17)e(19), we get:
Due to constraints (31) and (32) the required pressure drops for both streams cannot be exactly satisfied simultaneously. We should correct the flow rates for one of the streams, using constraints (31) and (32) with assumptions that they are both strict inequalities and all passes have the same numbers of channels:
The possible difference in amount of one channel can be accounted for at rating design.
At known values of g ij the film and overall heat transfer coefficients and all coefficients of the system of linear algebraic equations are directly calculated by equations of the above mathematical model. The system is solved by standard utility programs. When the required Dt 
If Dt 1 0 higher than the biggest Dt 1j , all H-plates are taken and their number increased until the constraint (25) is satisfied. But in this case appears the big margin on constraints (26) and (27) . Allowable pressure drops are not completely utilized and configurations with the increased passes numbers must be checked. The calculations are starting from X 1 ¼ 1 and X 2 ¼ 1. The number of passes is increased until the calculated heat transfer surface area is lowered. If the area increases, the calculations terminated, all derived surface areas compared, and the option with smallest area selected. The procedure can be applied to all available for design plate types. After the best option is selected, nearby options are also available for designer decision.
The algorithm outlined above is inevitably leading to the best solution for any number N T of available plate types T pl . It is implemented in developed software for IBM compatible PC. However, the mathematical model contains some parameters, namely coefficients and exponents in empirical correlations, which are not readily available.
Identification of mathematical model parameters

Procedure of numerical experiment
As a rule the empirical correlations for design of industrially manufactured PHEs are obtained during tests on such heat exchangers at specially developed test rigs. Such tests are made for every type of new developed plates and inter-plate channels. The results are proprietary of manufacturing company and not usually published.
Based on the above mathematical model, a numerical experimental technique has been developed which enables the identification of the model parameters by comparison with results obtained for the same conditions with the use of PHE calculation software, which is now available on the Internet from most PHE manufacturers.
The computer programs for thermal and hydraulic design of PHEs in result of calculations give the information about following parameters of designed heat exchanger: Q e heat load, W; t 11 , t 12 e hot stream inlet and outlet temperatures, C; t 21 , t 22 e cold stream inlet and outlet temperatures, C; G 1 , G 2 e flow rates of hot and cold streams, kg/s; DP 1 , DP 2 e pressure losses of respective streams, Pa; n 1 , n 2 e numbers of channels for streams; N pl e number of heat transfer plates and heat transfer area F, m 2 . One set of such data can be regarded as a result of experiment with calculated PHE. The overall heat transfer coefficient U, W/(m 2 K), even if not presented, can be easily calculated on these data, as also the thermal and physical properties of streams. The PHE thermal design is based on empirical correlations (12) . When all plates in PHE have the same corrugation pattern, the formulas for heat transfer coefficients are the same for both streams and can be written in following form: 
In one pass PHE with equal numbers of channels (N 1 ¼ N 2 ) for both streams the ratio of the film heat transfer coefficients is: 
The overall heat transfer coefficient for clean surface conditions is determined by Equation (11) with R f ¼ 0. When fluids of both streams are same and they have close temperatures, we can take m w1 ¼ m w2 . Assuming initial value for n ¼ 0.7, from the last two equations the film heat transfer coefficient for hot stream:
For the cold stream
In case of equal flow rates (G 1 ¼ G 2 ) the plate surface temperature at hot side:
At cold side
At these temperatures the dynamic viscosity coefficients m w1 , m w2 are determined.
By determined values of film heat transfer coefficients we calculate Nusselt numbers for hot and cold streams (12) Plotted in logarithmic coordinates it enables to estimate parameters A and n in correlation (12) . To determine these parameters Least Squares method can be used. If the value of n much different from initially assumed 0.7, the film heat transfer coefficients recalculated and new relationship (43) obtained. The corrected values of A and n can be regarded as final solution.
The pressure drop in PHE is determined by Equation (18) with friction factor determined by Equation (19) .
Using these equations the values of friction factors for hot and cold streams can be obtained from the same data of PHE numerical experiments for calculation of heat transfer coefficients, using data on pressure drops Dp 1 and Dp 2 . It gives the relation between friction factor and Reynolds number. From this relation parameters A and m are easily obtained using List Squares method.
To obtain the representative data the numerical experiments must satisfy the following conditions.
1. The calculations are made in "rating" or "performance" mode for equal flow rates of hot and cold streams. In case of "rating" the outlet temperatures should be adjusted to have margin equal to zero. 2. The PHE is having one type of inter-plate channels e L (low duty), H (high duty) or M (medium duty). These channels are formed by L-plates, H-plates or M-mixture of L and H plates. 3. To eliminate end-plate effect the number of plates in PHE should be more than 21. 4. All numerical experiments made for water as both streams. The inlet temperature of hot stream 50 C. The inlet temperature of cold stream in the range of 30e40 C.
Example of parameters identification
To illustrate the above procedure we performed three sets of numerical experiments for Alfa Laval plate M-10B (see [31] ) with the use of computer program CAS-200 (see e.g. [32] ). The calculations are made for PHE with total 31plates for three plate arrangements: 1) H-plates only; 2) L-plates only; 3) M-the mixture of 15 L-plates and 16 H-plates. The hot water inlet temperature is 50 C. Cold water comes with temperature 40 C. The geometrical parameters of plates and inter-plate channels are given at Table 1 . These parameters are estimated from information available at CAS-200 and also by measurements on the samples of real plates. The results for heat transfer calculations according to described above procedure are presented on Fig. 4 . The obtained sets of parameters in correlation (12) permit to calculate heat transfer coefficients with mean square error 1.3% and maximum deviation AE3.5%. The values of these parameters are presented in Table 2 .
The friction factor data are presented on Fig. 5 . The change of lines slopes is obvious. The obtained parameters of correlation (19) are given at Table 2 . The mean square error of this correlation fitting the data is 1.5% and maximum deviation AE3.8%.
The geometrical characteristics and parameters obtained in the same manner for four other types of plates are presented in Tables 1  and 2 (for description of PHEs with these plate types see Ref. [31] ). They can be used for statistics when generalizing the correlations for PHEs thermal and hydraulic performance, for modelling of PHEs when making multiple calculations for heat exchangers network design and also for education of engineers specializing on heat transfer equipment selection.
Error analysis
The error estimation have shown that the obtained sets of parameters, which are presented in Table 2 , permit to calculate heat transfer coefficients and friction factors with mean square error 1.5% and maximum deviation not more than AE4%. The error for calculation of heat transfer area not more than 4%.
The correlations and developed software can be used only for preliminary calculations, when optimizing PHEs or heat exchanger network. The final calculations when ordering the PHE should be made by its manufacturer.
Case studies
To illustrate the influence of passes, plate type and plates arrangement on PHE performance we can consider two case studies. The first is for a PHE which has been designed to work in a distillery plant. The second is taken from paper of Wang and Sunden [10] . The calculations are made with the developed software. Two more examples of calculations with this software are presented in paper [33] . Table 1 ). The results of calculations for different passes numbers X 1 and X 2 and optimal for those passes plates arrangements are presented in Table 3 . The corresponding total numbers of plates in PHE are shown on diagram in Fig. 6 . The vertical bars on the diagram represent the minimal numbers of plates, which are required to satisfy process conditions in PHE with specified passes arrangement. These numbers of plates correspond to local optimums achieved when passes numbers are constrained to certain exact values. The smallest is 38 plates. It corresponds to minimal value of objective function F PHE ¼ 5.04 m 2 , which is Fig. 4 . Heat transfer relations for channels formed by different sets of M10B plates. Table 1 ). This PHE has 36 H-plates (F PHE ¼ 5.1 m 2 ) with one pass channels arrangement 1 Â 17H/1 Â 18H. When analyzing other aspects of PHE application, such as maintenance, piping arrangement, the length of plate pack, this option can be probably chosen by the process engineer. In the next two examples we will study how the process conditions can influence an optimal solution. ) and margin on heat transfer load M Q ¼ 80%. It shows that, for different process conditions, the plates with different geometrical characteristics are required to satisfy those conditions in a best way. It is urging the leading PHE manufacturers to produce a wide range of plates that can satisfy any process requirements. However, counting for the cost of tools to manufacture new plate type, this way is rather expensive. On the other hand, the process design engineer can optimize process conditions, like allowable pressure drops and temperature program, accounting for characteristics of available types of plates. The data of one representative set of plates, presented in this paper, can facilitate such approach.
Case study 2
This example is that which has been presented by Wang and Sunden [10] (Example 1). It is required to cool 40 kg/s of hot water with the initial temperature 70 C down to 40 C. The flow rate of incoming cooling water is 30 kg/s, with a temperature of 30 C.
The allowable pressure drop on the hot side, DP 1 , is 40 kPa, on the hot side 60 kPa. The results of the calculations are presented in Table 4 and on diagram in Fig. 7 . In the first five cases (rows in Table 4 ) the calculations are made for clean plates.
The minimal heat transfer surface area is achieved with the combination of H and mixed channels e case #1. Here the allowable pressure drop on hot side is completely used and the heat load is exactly equal to the specified (the margin M Q equal to zero). The option with identical mixed channels (case #3) has on 5% bigger area and margin of 1%.
The comparison on diagram in Fig. 7 shows, that for the PHE with identical plates the surface area is much larger. With H plates (case #2) it is 73% larger, but at considerable (68%) margin. With L plates (case #4) the surface area is larger by 150% with no margin for heat load. The pressure drop is much lower than allowable in Table 3 The influence of passes numbers and plate arrangement on heat transfer area in M6M PHE for conditions of Example 1a. 
Fig . 6 . The influence of passes arrangement on total number of M6M plates in PHE, which satisfy the process conditions of Example 1a. this case (see Table 4 ). The increase in the number of passes for L plates (case #5) also produces a larger surface area (125%), but the pressure drop is utilized and the margin is 62%. In the example given by Wang and Sunden [10] the fouling thermal resistance equal to 0.5 Â 10 À4 m 2 K/W was taken for both sides (compare with data for PHEs on fouling reported by Wang, Sunden and Manglik [6] , this value is the biggest one). Using analytical approach to solution and proposed by Martin [34] theoretical estimation for parameters in correlations for friction factors and film heat transfer coefficients, Wang and Sunden [10] obtained optimal PHE heat transfer area equal to 68.8 m
2
. It is represented on diagram in Fig. 7 as case #9.
The total R f ¼ 1 Â 10 À4 m 2 K/W was taken for our calculations in case #6. Compare with clean conditions in case #1, this leads to 60% increase in surface area, up to 59.04 m 2 . It is also results in a decrease of flow velocities in the channels, as their number in case #6 also increased by 60%. In cases #7 and #8 (see Table 4 ) the calculations were made with specification of margins 10 and 20% to overall heat transfer coefficient. The increase of surface area is 13 and 26%, respectively. The corresponding calculated values of R f much lower and for margin 20% very close to those reported in book [6] for towns water. All cases, presented by rows in Table 4 and illustrated by diagram in Fig. 7 , correspond to local optimal arrangements of plates and passes, which are satisfying the process conditions at different additional constraints. At least one of conditions for two pressure drops (26), (27) or heat load (25) is satisfied as equality in such cases. The PHE with bigger number of plates, than presented in Table 1 , will also satisfy process, but with margins on all three parameters. Beside the increased cost of such PHE, it leads to lower streams velocities in channels and thus increases fouling tendency. For cases from #2 to #5 the constraint on plate or channel type is imposed. One can see that there only one process condition is satisfied as equality. In case #1 both H-and L-plates are used and two conditions (for DP 1 and Q) are satisfied exactly. It gives the economy in heat transfer area 73% compare to use of only H-plates and 125% if only L-plates are used.
In the three of presented in Fig. 7 cases (#6, #7 and #8) the constraints on fouling thermal resistance (case #6) and heat load margin are introduced. These additional constraints lead to increase of PHE heat transfer area. But even at highest margin M Q ¼ 56% (case #6) PHE area is smaller than that would be needed in PHE assembled from plates of one type (H in case #2 or L in cases #4 and #5). As shown by Gogenko et al. [35] , the excessive allowance for fouling in PHEs can lead to increase of fouling in real conditions by lowering the flow velocity and wall sheer stress in channels. This conclusion is justified for particulate solids deposition and scaling fouling mechanisms, which are the main factors of fouling in District Heating networks and cooling water circuits of industrial enterprises.
We have analyzed experience of monitoring and servicing of more than 2000 Alfa Laval PHEs installed by AO Sodrgestvo-T engineering company in a last 16 years at District Heating (DH) systems of Ukraine. 90% of these PHEs were calculated with zero heat load margin (M Q ¼ 0), others with M Q ¼ 10% (on special requests). Most of PHEs (75%) maintains the designed parameters, and not need to be cleaned, from the time of start up. Some, especially those for tap hot water heating, are cleaned by washing with chemicals during scheduled maintenance, but not more frequently than once a year. It depends on quality of DH water and fresh tap water for heating. The mechanical cleaning with disassembling plate-and-frame PHE was required only as exception after re-piping of DH network or its not proper maintenance.
On the above grounds we can recommend, for the conditions of case study considered, the solution with M Q ¼ 0 (case #1 in Table 4 ) as optimal. In other cases of application at the industry, the fouling tendencies of process stream and quality of cooling media must be considered. The value of heat load margin M Q or R f should be specified based on previous experience of heat exchangers fouling in such conditions. In some cases it can constitute the complicated problem, the solution of which is out of the scope of the present study. However, as general rule, when severe fouling tendencies are not expected, heat load margin M Q ¼ 10% can be recommended, or for heavier fouling duties M Q ¼ 20%. As one can see from Table 4 , it gives the surplus in PHE heat transfer area, that is made from H-plates, which corrugation produce higher level of turbulence and thus decrease fouling tendency of the stream.
As one can see from Table 4 , in all cases with mixed grouping of channels the specified values of allowable pressure drop for one stream (hot in our example) are satisfied exactly, as is the condition for the heat load (when margin is specified, then with margin). It means that by using the mixed grouping of plates with different corrugation pattern, we can change the thermal and hydraulic characteristics of a plate pack in a way close to continues one. The level of discreteness is equal to one plate in a pack. It allows us to satisfy specified conditions very close to equality.
The optimization solution algorithm is based on two considerations. The first one is that for a given plate type and passes configuration the local optimum for heat transfer area, as an objective function, situated in a place where the constraints on pressure drops are fulfilled closer to equality. The second consideration is that smaller number of passes is preferable. For the given plate type the calculations are starting from one pass arrangement and passes numbers are increased, while objective function is lowering. When it becomes to grow, the local optimum for the given plate type is found by comparison of all results for different passes configurations. These calculations are made for all available types of plates, which satisfy the constraints on PHE construction (28)e (30) . Comparison of all obtained local optimums gives a global one. The number of available plate types is limited, and the solution takes time not more than a second or two on PC with Intel processor of 2.0 MHz frequency. As iteration procedures are not used, there are no problems of convergence. Some increase in computing time can happen for multi-pass arrangements, on a stage of solving the system of linear algebraic equations (7) of a big size. In the developed computer program, to exclude unfeasible solutions, the maximal number of passes for one stream is limited to 10 and the product of two passes numbers to X 1 Â X 2 50. 
Conclusions
Design and optimization method for the PHE is presented which provides better solutions than existing published methods. It is based on mathematical model accounting for the main features determining PHE thermal and hydraulic performance. To obtain solution with minimal heat transfer area for different process conditions is possible only for a wide enough range of plate types and sizes. The optimization variables are: type of plate, the numbers of passes for heat exchanging streams, the relative numbers of plates with different corrugation patterns in one PHE. The proposed procedure of model parameters identification enables to determine their values for commercial plates. It is made for a set of plates with different geometrical characteristics and forms of corrugations.
The examples of calculation results for two case studies show the possibility with such method to obtain optimal solutions with exact satisfaction of constraints for total heat load and pressure drop of one stream. It gives the considerable reduction in heat transfer surface area of PHE. However, for specific plate type it is possible only in the limited range of process conditions. It requires in search of optimal solution to use types of plates with the similar heat transfer area, but other spacing. Another approach is the optimization of a whole heat recuperation system, and process conditions for specific heat exchangers, with accounting for available types of plates and a full utilization of pressure drops for both streams. Special attention should be paid to exact accounting of fouling thermal resistance on plate surfaces. This phenomenon, as also methods of process optimization with accounting for intrinsic features of PHEs require further developments, which can utilize all the possibilities available with the use of this highly efficient heat transfer equipment.
The presented method and parameters in mathematical model can be used for statistics when generalizing the correlations for PHEs thermal and hydraulic performance, for modelling of PHEs when making multiple calculations for heat exchangers network design and also for education of engineers specializing on heat transfer equipment selection. On a final stage of ordering the PHE the calculations should be made by PHE manufacturers, which are permanently developing the design procedures and performance of produced equipment, and most probably can offer PHE with even better performance. 
